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ABSTRACT
Our previous study reported artificial production of glass eels of Japanese eel (Anguilla japonica) by inducing early

metamorphosis with Thyroid Hormone (TH) treatment. The purpose of this study was to clarify whether the artificial

glass eels produced by TH treatment can grow and acquire fertility. TH-treated glass eels were feminized by feeding

with an estradiol-supplemented diet. After being raised for 8 years, three females were brought to sexual maturity with

artificial gonadotropic hormones. Fertilized eggs and hatched larvae were obtained from two of the three fish.

Collectively, our findings show that the TH-treated glass eel grows smoothly, acquires fertility, and can reproduce

successfully.
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INTRODUCTION
The Japanese eel (Anguilla japonica) is an important commercial 
species in Japan owing to its high market value as a food source. 
However, production of artificial seeding for industry has not 
been established. To culture Japanese eel, 100% natural glass 
eels, which migrate to the Japanese coast and are collected in 
rivers, are used for seeding.

Since the early 1990s, the production of artificial glass eels has 
been studied [1,2]. In 2010, successful closed-cycle breeding of 
the Japanese eel was reported, facilitating studies of leptocephali, 
which have a leaf-shape body that is transparent and narrow with 
a high back [3,4]. Nevertheless, the production of artificial 
seeding for industry has not been established. One of the reasons 
is that the leptocephali do not feed, or grow, on biological baits 
such as rotifer (Brachionus plicatilis), which are used to produce 
seedlings of other fish species such as red seabream (Pagrus major) 
and/or Japanese flounder (Paralichthys olivaceus) [1,5]. 
Furthermore, the duration needed to reach the glass eel stage is 
long, for example, the average duration from hatched larva to 
glass eel was 299 days (range 153-754 days) at Shibushi laboratory

national research institute of aquaculture, Fisheries research 
agency of Japan. Thus, it is inevitable that production costs will 
be higher and production efficiency will be lower for Japanese eel 
than for other fish species [6].

Thyroid Hormones (THs), including L-thyroxine (T4) and 3,5,3’-
triiodo-L-thyronine (T3), are known to control metamorphosis in 
amphibians [7,8]. They are also important in early teleost 
development including metamorphosis [9-11]. To aid in the mass 
production of glass eels, Kawakami Y recently proposed a method 
of inducing early metamorphosis in leptocephali. Whereas 
metamorphosis to a glass eel naturally occurs in fully grown 
leptocephali of 50 mm TL or longer, metamorphosis can be 
artificially induced in 40 mm TL leptocephali using T4 [12]. 
However, while the artificial glass eels have been shown to feed 
and grow, it is not clear whether the induction of early 
metamorphosis has subsequent effects on development of the 
artificial eels. For example, do T4-induced glass eels grow to adult 
fish and have reproductive function? The aim of this study was to 
assess the viability of the artificial glass eels produced by T4 
treatment. In particular, the purpose was to evaluate the presence 
or absence of fertility by inducing sexual maturity in females.
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supplemented with E2. Four of the eight fish died for  various 
reasons, such as escape. Of the remaining four, three were selected 
as female fish, while the remaining fish was determined to be male 
and the maturation process was stopped (Figures 1A-1C).

Of the three female fish, fertilized eggs and hatched larvae were 
obtained with Fish 1 and Fish 2 (Table 1). Figure 2A, indicates 
the rate of BW gain of Fish 1 after starting weekly rFSH 
injections. The increase in BW followed a smooth curve until 
week 12, when the final oocyte maturation process was started 
(Figure 2A). Two days after the week-12 rFSH injection, BW had 
increased to more than 120% of the initial value (Figure 2A). In 
this study, a BW of 120% or more was set as one of the criteria 
for the possibility of transition to the final maturation process. 
At the same time, observation of the ovarian eggs by cannulation 
showed that the eggs had reached the target size and clarity; 
therefore, rLH was injected in the afternoon (Figure 2A and 3A). 
The next day, the oil droplets in the oocytes were enlarged and 
17α-OHP was injected in the afternoon (Figure 2A and 3B). The 
following day, egg collection and artificial insemination were 
performed (Figure 2A). For Fish 1, the fertilization rate was 
61.9% and the hatching rate was 32.2%(Table 1). Figure 3C, 
shows fertilized eggs derived from Fish 1, with the blastocoel 
clearly observed, while Figure 3D, shows embryos 30 hours after 
fertilization. Larvae were observed 1-day post hatching (dph) and 
normal growth was observed up to 7 dph (Figure 3E and 3F).

No. TL (mm) 
on rate (%)

Hatching
rate (%)

1 514 432.5 8 ± 3.82 32.2 ± 9.29

2 516 504.9 8 ± 1.81 1.54 ± 0.42

3 467 331.6 8 0 0
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MATERIALS AND METHODS

Glass eels and estradiol-17 β treatment to produce females

Leptocephali hatched from fertilized eggs of Japanese eel were 
fed on powdered shark eggs as in previous studies [12-14]. At 
around 40 mm TL, leptocephali were subjected to induction of 
metamorphosis by T4 treatment, as described in Experiments 
3 and 4 [12].

The resulting T4-induced glass eels were raised as follows. The 
feed initially comprised larvae of Chironomus sp. and/or sludge 
worms (Tubifex tubifex) and was gradually switched to a 
compound feed specific for eels (Hayashikane, Shimonoseki, 
Japan). The fish that started to feed were feminized by adding 
estradiol-17 β (E2) (Sigma-Aldrich, Steinheim, Germany) to the 
compound feed. During this time, the fish were kept in fresh 
water at a temperature range of 15 °C to 27 °C, and no 
temperature control was performed. The fish continued to be fed 
with E2 for approximately 6 months, after which they were raised 
on regular compound feed. Individual identification of the eels 
in this study during these stages was not performed.

Breeding and fertilization

To obtain fertilized eggs and/or larvae, artificial maturation was 
started on January 2022 and performed by hormonal treatment. 
In brief, three immature male eels (250 g-300 g Body Weight 
(BW)) were purchased from a commercial supplier, and induced 
to maturation by injection of recombinant Japanese eel 
luteinizing hormone (rLH, ARK Resource, Kumamoto, Japan), 
as described in Ohta H et al, [15]. After confirming sperm 
motility activity, semen samples from three individuals were each 
diluted with K30 artificial seminal plasma, stored at 4 °C, and 
used within a few weeks [16].

Female eels raised from artificially induced glass eels were 
injected with recombinant Japanese eel follicle-stimulating 
hormone (500 µg/kg BW) (rFSH, ARK Resource, Kumamoto, 
Japan) once a week as described by Kazeto Y et al, (Figure 1) [17]. 
Oocyte maturation was performed under artificial seawater at 15 
°C, except for the final stage (20 °C) when rLH (500 µg/kg BW) 
and 17 α-hydroxyprogesterone (2 mg/kg BW) (17 α-OHP, Sigma) 
were injected. Oocytes were obtained by gently stripping the 
ovulating female and subsequently fertilized with the refrigerated 
sperm. Fertilized eggs were maintained in a 100-L cylindrical 
polycarbonate tank (20,000-50,000 eggs per tank) for 1.5 days at 
25°C and hatching larvae were transferred to a 10-L acrylic tank 
(50-100 individuals per liter) at 25 °C with artificial seawater. All 
fish handling, husbandry, and sampling methods were approved 
by the Institutional animal care and use committee.

RESULTS AND DISCUSSION
In this study, eight glass eels produced between October 2013 
and January 2014 by T4 treatment were raised in running fresh 
water for about 8 years. The age of the glass eels was 180 days or 
less (about 6 months); therefore, the fish were about 8-9 years old 
at the start of the maturation process, and approximately 9 years 
old at final oocyte maturation [12].

About 6 months after initiating feeding in the first year after 
metamorphosis, the glass eels were feminized by using a diet 
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Figure 1: Artificially produced female fish. A) Fish 1; B) 
Fish 2; C) Fish 3. Note: Left images show fish at the start of 
artificial maturation; Right images show fish prior to egg 
collection.

Note: E2: Estradiol-17β, T4: L-thyroxine, TL: Total Length, BW: Body 
Weight, Mean ± SE.

Table 1: Results of artificial maturation using artificially 
produced female eels (Anguilla japonica), derived from glass eels 
produced by induction of metamorphosis using T4 and 
feminized by E2 treatment.

61.9 

21.2 

FertilizatiBW (g) Age (y)



Figure 2: Changes in fish body weight during the artificial 
maturation process. A) Fish 1; B) Fish 2; C) Fish 3; Note: 
(    ): Gray area indicates the final week of the maturation 
process week 1, luteinizing hormone injection; 2, 17 α-
hydroxyprogesterone injection; 3, time point before egg 
collection.

For Fish 2, the fertilization rate was 21.2% and the hatching rate 
was 1.5% (Table 1). Fish 2 was found to be silvered in the 
autumn of its 7th year (autumn 2020), and it remained in a 
silvered state at the start of maturation, in contrast to Fish 1 and 
Fish 3 (Figures 1A-1C). This may be a reason why Fish 2 did not 
produce good quality fertilized eggs or hatched larvae. In 
addition, weight gain in Fish 2 slowed down at the end of the 
artificial maturation process (Figure 2B). Although the fish had 
a BW of 120% at week 12, no transparent oocytes were 
observed; therefore, we decided to extend the maturation 
process by 2 weeks. It can be seen that the BW decreased from 
week 12 to week 14 before the final oocyte maturation was 
started and this may also have been a reason for the low 
fertilization and hatching rates of Fish 2 (Figure 2B).

Lastly, Fish 3 produced no fertilized eggs (Table 1). This fish 
showed low initial reactivity to rFSH, and its weight gain was not 
remarkable even in the late maturation period (Figure 2C). Its 
BW was as low as 331.6 g, which might not be suitable for a 
female parent fish; however, the maturation of oocytes was 
confirmed as for Fish 1 and Fish 2 (Figure 2C). Nevertheless, no 
fertilized eggs were obtained from Fish 3 (Table 1).

In this study, we assessed whether three female parent fish raised 
from T4-induced glass eels could reach sexual maturation and 
reproduce. We confirmed that all three fish had ovaries, and 
fertilized eggs and hatched larvae were obtained from two. Thus, 
glass eels treated with T4 are considered to have no problem in 
terms of subsequent growth and maturity. The three fish used in 
this study were derived from the glass eels reported by Kawakami 
Y et al, but they were produced by several T4 methods; in 
particular, some of the early T4 methods led to artificial glass 
eels with morphological abnormalities, especially vertebrae 
formation [12]. Individual identification of the glass eels in this 
study was not performed; therefore, it was not known which 
method was used to produce each individual. However, the 
results of Fish 1 and 2 indicate that T4-treated glass eels have 
reproductive ability. Fish 3 had grown for 8 years and reached 
only 331.6 g BW (Table 1). The probable cause of this low BW 
was that more than eight fish were raised in a 500-L capacity 
tank, leading to differences in growth, rather than that 
metamorphosis was artificially induced using T4. In addition, 
the short body shape of Fish 3 seems to be the result of 
inheriting characteristics of a glass eel produced by early 
metamorphosis induction (Figure 1) [12].

In Japanese eels, E2 treatment is now commonly used to 
produce mature female parent fish [18]. As a rule of thumb, 2-
year-old or 3-year-old fish have been used for artificial 
maturation owing to the deterioration of oocyte quality due to 
overripening of the ovaries in older fish (personal 
communications). Although there are no published data to 
confirm this as yet, it is also evident from our experience. It is 
generally thought that wild Japanese male eels of at least 4 years 
in age migrate and spawn, while wild females are several years 
older [19]. Based on empirical rules, therefore, it is currently 
difficult to explain the phenomenon that the egg quality of
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Figure 3: Images of eggs and larvae from Fish 1- A,B: 
Ovarian eggs; C: Fertilized eggs; D: Somite embryos; E: 
Hatched larvae; F: 7 dph (post hatching) larvae.



feminized eels deteriorates after 3 years and their performance as
female fish for maturation deteriorates. It will be necessary to
clarify whether this is due to the influence of aquarium breeding
or to differences in growth under natural conditions [20].

CONCLUSION
In recent years, Japanese eels have been released into rivers and
lakes in Japan in order to maintain eel resources and, although
their origins vary, there have been reports of the release of fully
grown adult eels originated from wild glass eels raised under
aquaculture (personal communications). However, there is little
information about the condition of the ovaries of the released
eels subsequent to their release or the performance of the fish in
reproduction. Furthermore, artificially produced eels may be
used for release in the future. The fact that we obtained
fertilized eggs and hatched larvae from the long-term breeding of
artificial produced eels in this study may be a very significant
finding from the perspective of the effectiveness and pros and
cons of such release projects.
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